Inter-male aggression is an essential component of social behavior in organisms from insects to humans. However, when expressed inappropriately, aggression poses significant threats to the mental and physical health of both the aggressor and the target. Inappropriate aggression is a common feature of numerous neuropsychiatric disorders in humans and has been hypothesized to result from the atypical activation of reward circuitry in response to social targets. The lateral habenula (LHb) has recently been identified as a major node of the classical reward circuitry and inhibits the release of dopamine from the midbrain to signal negative valence. Here, we discuss the evidence linking LHb function to aggression and its valence, arguing that strong LHb outputs to the ventral tegmental area (VTA) and the dorsal raphe nucleus (DRN) are likely to play roles in aggression and its rewarding components. Future studies should aim to elucidate how various inputs and outputs of the LHb shape motivation and reward in the context of aggression.
Introduction
Aggression is an innate and evolutionarily conserved behavior that promotes the protection of food, mating partners, progeny, and territory in social organisms (Anderson, 2012) . While aggression in animals can be adaptive, most forms of aggression in humans are maladaptive and produce a variety of negative social, physical, and emotional consequences for individuals, victims, and their families (Berkowitz, 1993) . In fact, inappropriate aggressive behavior is a common feature of several psychiatric disorders, including drug addiction (Beck et al., 2014; Coccaro et al., 2016) , autism (Fitzpatrick et al., 2016) , depression (Dolenc et al., 2015) , PTSD (Miles et al., 2016) , antisocial personality disorder (Anderson and Kiehl, 2014) , and schizophrenia (Hoptman, 2015) . While the causes of heightened aggression in psychiatric disorders are likely heterogeneous, it has been hypothesized that the subordination of social targets is highly rewarding in some patients, particularly in those experiencing symptoms of dysregulated motivation. Consequently, repeated domination of social targets is positively reinforcing and can produce a persistent motivation to seek out and engage in aggressive interactions (appetitive aggression), much like how some individuals compulsively seek out palatable food, sex, or drugs (Moran et al., 2014; Golden et al., 2016a) . Interestingly, the ventral striatum, a region highly implicated in drug and natural rewards, is strongly activated in some humans while viewing videos of violence or participating in behavioral tasks aimed at punishing others (Moran et al., 2014; Chester et al., 2016; Seo et al., 2008) . Findings in rodent models corroborate these results and describe a particularly important role for dopamine and serotonin signaling in controlling appetitive aggression (De Almeida et al., 2005) . However, much less is known about the upstream circuits that control these particular neurotransmitter dynamics to encode the valence of intermale social interactions. Notably, the lateral habenula (LHb) has been shown to tightly regulate the activity of midbrain and brainstem target regions in reward (Lammel et al., 2012; Hikosaka, 2010; Pollak Dorocic et al., 2014) and becomes dysregulated in many of the aforementioned psychiatric disorders (Lecca et al., 2014; Proulx et al., 2014) . Thus, at both the neurochemical, behavioral, and anatomical level, the LHb is well positioned to integrate motivation and emotion in aggression. Here, we discuss how this diverse combination of LHb inputs and outputs can function to exert parallel control over reward circuits modulating the valence of inter-male aggressive behavior.
LHb is a dynamic regulator of VTA and DRN circuitry
The habenular complex is a relatively small, morphologically distinct region of the epithalamus that can be divided into two main regions called the medial (MHb) and lateral habenulae. While there is evidence that the MHb and LHb may share some behavioral functions (Shumake et al., 2003; Kobayashi et al., 2013) , they differ substantially in their connectivity and neurochemistry. The MHb uses the neurotransmitters acetylcholine, substance P, and glutamate and projects largely to the nearby interpeduncular nucleus (IPN) (Contestabile et al., 1987; Qin and Luo, 2009) . Conversely, nearly all of the of the neurons in the LHb are glutamatergic and possess long-ranging axons that target both midbrain and brainstem regions (Weiss and Veh, 2011; Li et al., 2011; Aizawa et al., 2012; Lammel et al., 2012; Stamatakis and Stuber, 2012) . Interestingly, only small numbers of local inhibitory neurons have been described in the LHb, and they are primarily located in the medial aspect of the LHb (Smith et al., 1987; Zhang et al., 2016) . For the purpose of this review, we will focus the exclusively on how LHb circuits mediate aggression and reward-related behavior.
The LHb effectively functions as a hub between forebrain structures and neuromodulatory nuclei expressing dopamine and serotonin. While the basal ganglia and limbic forebrain comprise the majority of LHb inputs, LHb outputs mainly target midbrain nuclei such as the dopaminergic ventral tegmental area/substantia nigra complex (VTA/SNc), the GABAergic rostromedial tegmental nucleus (RMTg, projects directly to VTA dopamine neurons), and serotonergic dorsal and median raphe nuclei (DRN/MRN) (Hikosaka, 2010) . Interestingly, the medial aspect of the LHb appears to contain predominantly DRNprojecting neurons, whereas the lateral aspect of the LHb is thought to contain predominantly VTA and RMTg-projecting neurons (Proulx et al., 2014) . Since these neuronal populations do not display a great deal of overlap, the LHb may thus have the capacity to modulate downstream dopamine and serotonin circuits in relatively independent manners, although this remains to be tested.
The LHb receives mixed inputs from a variety of brain regions (see Table 1 , Fig. 1, and Fig. 2.) . Glutamatergic inputs to the LHb arise from the lateral hypothalamus (LH), the anterior cingulate cortex (Miczek et al., 2001) , the medial prefrontal cortex (mPFC), and the entopeduncular nucleus (EPN) (Li et al., 2011; Kim and Lee, 2012; Shabel et al., 2012; Poller et al., 2013) . These inputs signal primarily via α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA) receptors to depolarize LHb target neurons, although some Ν-methyl-D-aspartic acid (NMDA) receptor signaling has been described (Li et al., 2011; Maroteaux and Mameli, 2012) . GABAergic inputs to the LHb arise from the EPN, the diagonal band, the ventral pallidum (VP), the VTA, and the NAc (Golden et al., 2016b; Wang et al., 2006; Bianco and Wilson, 2009; Shabel et al., 2012; Stamatakis et al., 2013) , and many of these inputs functionally inhibit overall LHb activity (Golden et al., 2016b; Stamatakis et al., 2013) . Interestingly, a recently identified population of VTA dopamine neurons seem to coexpress and selectively release GABA into the LHb (Stamatakis et al., 2013) . A separate population of canonical dopaminergic neurons in the VTA also project to the LHb (Herkenham and Nauta, 1977; Gruber et al., 2007) and seem to signal via dopamine receptors 2 and 4 (DRD2, DRD4), as mRNA for both receptors has been detected (Gruber et al., 2007; Aizawa et al., 2012) . Interestingly, DA application to the LHb produces variable responses in LHb neurons, likely due in part due to the activation of heterogeneous populations of LHb neurons projecting to different downstream targets (Shen et al., 2012) . Serotonin neurons from the DRN also project to the LHb and have been shown to exert divergent effects on glutamatergic signaling in medial versus lateral LHb regions (Xie et al., 2016) . However, pharmacological inhibition of 5-HT 2/3 receptors similarly normalized these divergent effects, indicating that other variations in LHb microcircuitry mediate the mixed outcomes of 5-HT signaling on LHb neural activity.
As mentioned above, the primary output neurons of the LHb are glutamatergic. As a result, the LHb must relay its signal through indirect inhibitory projections in order for it to inhibit the neural activity of a target region. A population consisting primarily of lateral LHb neurons projects to the RMTg, a GABAergic nucleus at the tail end of the VTA that synapses on VTA dopamine neurons to inhibit them (Jhou et al., 2009; Kaufling and Aston-Jones, 2015) . In fact, electrical stimulation of the LHb inhibits firing activity of roughly 90% of VTA dopamine neurons (Christoph et al., 1986; Matsumoto and Hikosaka, 2007) . Consistent with this, lesioning the LHb increases dopamine turnover in VTA terminal fields (Lisoprawski et al., 1980) . More recently, optogenetic activation of LHb terminals in the midbrain was found to evoke AMPA-mediated EPSCs almost exclusively in GABAergeic neu- M. Flanigan et al. Pharmacology, Biochemistry and Behavior 162 (2017) 79-86 rons in the VTA and RMTg, rather than dopamine neurons themselves (Stamatakis and Stuber, 2012) . However, others report a smaller, unique population of LHb neurons that directly targets VTA DA neurons projecting to the mPFC, suggesting that the LHb can exert mixed downstream effects in VTA target neurons (Lammel et al., 2012; Brinschwitz et al., 2010) . The LHb exerts predominantly inhibitory control over DRN serotonin neurons through a similar mechanism. Electrical stimulation of the LHb transiently pauses the firing of populations of DRN neurons (Wang and Aghajanian, 1977) , and this appears to be mediated by a disynaptic circuit from LHb glutamate projection neurons to DRN GABA neurons that inhibit DRN serotonin neurons (Varga et al., 2003) .
Moreover, these LHb inputs to DRN GABA neurons have been shown to converge with mPFC inputs (Varga et al., 2003) , thereby introducing another mechanism by which mPFC top-down control can influence LHb output (in addition to direct synapses between mPFC and LHb neurons in the LHb, see above). This convergence of LHb and mPFC inputs on target neurons in the VTA and DRN highlights a shared topdown inhibitory influence they exert on regions relevant to both reward and aggression. Recently, the notion that the LHb purely inhibits DRN serotonin neurons has been challenged by studies showing direct LHb inputs to serotonin neurons that provide excitatory tone (Pollak Dorocic et al., 2014) . These excitatory responses were blocked by AMPA antagonist NBQX but not by GABA antagonist gabazine. The elucidation A. of this direct LHb glutamate input to DRN serotonin neurons emphasizes the importance of parallel circuits originating from the LHb that result in various downstream physiological effects in the DRN.
Regulation of behavioral avoidance and aversion by the LHb
Primary behavioral functions of the LHb are to promote aversive motivational states and signal unexpected reward outcomes. This behavioral function for the LHb has been primarily attributed to its downstream connections with midbrain targets, although it has not been tested if LHb-DRN projections play a role in controlling these behaviors as well. In-vivo electrophysiological recordings in primates find that LHb activity increases in response to aversive events like air puffs as well as to omitted rewards (Matsumoto and Hikosaka, 2007) . The LHb can also respond to cues signaling aversive or unexpected events, and this is a phenomenon observed in both rodents and primates (Matsumoto and Hikosaka, 2007; Jhou et al., 2013) . Optogenetic stimulation of LHb targets in the midbrain similarly promotes aversive states. A study by Stamatakis and Stuber illustrated that optogenetic stimulation of LHb terminals in the RMTg promoted active, passive, and conditioned behavioral avoidance, thus highlighting the multifaceted role that LHb outputs play in controlling aversive behavioral states (2012). Furthermore, Lammel et al. (2012) showed that stimulation of LHb inputs to VTA GABAergic interneurons and dopaminergic neurons projecting to the mPFC are produce aversion in a task similar to that used by Stamatakis and Stuber (2012) . Inputs to the LHb appear to encode aversive outcomes as well. For example, stimulation of the EPN to LHb pathway, which is comprised of both GABAergic and glutamatergic components, promotes behavioral avoidance (Shabel et al., 2012) , although this aversive state did not persist the next day as was observed in studies by Stamatakis and Stuber (2012) and Lammel et al. (2012) . Together, these studies provide strong evidence that the LHb and its inputs and outputs function to promote behavioral avoidance and aversive motivational states.
Regulation of aggression and aggression reward by the LHb
The functional and anatomical coupling of the LHb with dopamine and serotonin systems in the midbrain combined with the relevance of these midbrain transmitter systems to aggression and reward suggests there could be an important role for the LHb in the encoding of rewarding or aversive stimuli in the context of intermale aggression. While to date there have only been a handful of studies directly investigating the role of LHb circuitry in this behavioral domain, results suggest that it indeed plays a causal role in controlling the valence of aggressive interactions. Unfortunately, it remains unknown whether the LHb interfaces with regions known to promote attack behavior such as the ventromedial hypothalamus (Lin et al., 2011) .
Chou et al., 2016 recently described an essential role for the zebrafish ventral habenula (vHb), a homologue of the mammalian LHb, in the maintenance of loser behaviors during repeated intermale aggressive conflicts (Amo et al., 2010) . Like the mammalian LHb, the zebrafish vHb sends dense projections to the serotonergic median raphe (MR) and is important for regulating.
serotonergic neurotransmission (Amo et al., 2010) . The regulation of MR serotonin neurons by the vHb appears to be mediated predominantly through direct synapses between glutamatergic vHb projection neurons and MR serotonergic targets, suggesting that the vHb depolarizes serotonin neurons in zebrafish (Amo et al., 2014; Nathan et al., 2015) . Furthermore, the vHb displays tonic increases in activity as fish experience escalating levels of danger or cues signaling it, and optogenetic stimulation of the vHb promotes a real time place aversion while inhibition impairs adaptive avoidance learning (Amo et al., 2014) . Therefore, like the mammalian LHb, the zebrafish vHb plays an important role in controlling negative internal valence states and driving active behavioral avoidance. When Chou et al. (2016) inhibited the vHb projections to the MR in a zebrafish model of the "winner effect," whereby experimental fish are repeatedly fought against their wild-type (WT) siblings, experimental fish did not behave like WT losers, appearing to provoke and elicit attack behavior from the opposing WT fish. This result suggests that without intact vHb to MR circuit function, zebrafish do not display normal behavioral adaptations to winning and losing intermale aggressive contests. While this behavioral paradigm did not directly test the role of the vHb in controlling the valence of fighting, in light of what is known about the vHb encoding negative outcomes (see above) it is likely that the experimental animals did not perceive a loss as an event with a strong negative valence and thus did not alter their subsequent fighting behavior.
Another recent study by Golden et al. (2016b) investigated the role of basal forebrain inputs to the LHb in mediating the rewarding aspects of inter-male aggression in mice. Using a modified CPP procedure where mice were conditioned to associate specific environmental cues with an intruder, it was found that aggressive mice that attacked and subordinated an intruder developed a preference for the intruder-paired chamber, while non-aggressive mice showed an aversion for this chamber. To investigate the mechanisms driving CPP and CPA for an intruder-paired chamber, Golden and colleagues optogenetically stimulated or inhibited basal forebrain terminal projections in the LHb. Stimulation of these terminals, which were histologically verified to be GABAergic, reduced LHb firing, while inhibition of these terminals increased LHb firing. Behaviorally, stimulation of basal forebrain-LHb GABAergic terminals promoted aggression CPP, while inhibition of these neurons promoted CPA. These results indicate that decreased LHb activity observed in aggressive mice promotes the rewarding component of aggression, which might be related to ability of the LHb to encode positive and negative emotional states.
In fact, there is early evidence to suggest that the LHb encodes the valence of precise events during aggressive social interactions in some individuals in real time to promote the escalation of aggressive behavior (Flanigan et al., 2016) . By measuring fluorescence changes in the calcium indicator GCaMP6 with in-vivo fiber photometry (see Gunaydin et al., 2014) , it was shown that LHb neuronal activation is sharply decreased when aggressive mice bite or pin a submissive intruder in the resident intruder task (RI). Furthermore, the overall intruder-evoked LHb activity of animals that are highly aggressive decreases with successive wins in RI, suggesting that there is a correlation between decreased LHb activity and the escalation of aggressive behavior with repeated winning, which has been shown to be rewarding. Interestingly, non-aggressive mice do not seem to significantly alter their LHb responses to intruders over successive RI tests, suggesting that aggressive experience may drive the LHb adaptation seen in highly aggressive animals. It remains unknown at this time whether these LHb neurons that are decreasing their tone as a consequence of winning represent neurons projecting to the DRN-MRN system, the VTA, or both.
Regulation of aggression and aggression reward by LHb targets
Although the role of LHb outputs to VTA and DRN nuclei have not yet been established in aggression models, there is a significant amount of evidence to implicate these downstream monoaminergic nuclei in aggression. VTA DA signaling in aggression and aggression reward was initially informed by studies correlating region-specific DA levels with repeated dominance of conspecifics. For example, VTA TH and dopamine transporter (DAT) mRNA levels are increased in mice that won contests for 20 consecutive days, and this increase persists up to 14 days following the last win (Bondar et al., 2009 ). In addition, there is a roughly 30% increase in NAc DA that reaches its peak 20-30 min following repeated aggression (Ferrari et al., 2003, van Erp and Miczek, 2000) . However, it remains unclear whether NAc dopamine is also increased during aggressive episodes themselves. It is essential that future studies determine the precise timing of NAc dopamine release in the context of aggression, as this will help clarify whether the function of dopamine in aggression is primarily to promote the motivation to fight, increase salience, signal the positive valence of an attack after it is committed, or some combination of these. In support of a role for VTA to NAc dopamine in processes that prepare or anticipate the biological significance of the aggressive bout, rats subjected to ten days of repeated aggression (beginning on the same time each day) display increases in NAc dopamine on day eleven at the time a confrontation would have occurred, even when no conspecific was introduced (Ferrari et al., 2003) . Interestingly, dopamine release in the mPFC, which has been shown to be important in controlling working memory and attention (Xing et al., 2016) , appears to reach its peak during aggression onset (van Erp and Miczek, 2000) . These temporal variations in dopamine signaling between NAc and mPFC circuits indicate that VTA dopamine may play a dynamic and multifaceted role in controlling various behavioral components of aggressive behavior, from encoding salience and attention to strengthening motivation. Unfortunately, while informative, the aforementioned findings are limited by their correlative nature.
The foundation for our understanding of dopamine's causal role in aggression and aggression reward has been laid largely by behavioral pharmacology experiments in rodents, some of which are weakened by non-specific systemic drug administration. For instance, repeated systemic injections of methamphetamine, which increases dopamine release and prevents its removal from the synaptic cleft, increased aggression 15 min and 20 h later (Sokolov and Cadet, 2006) . The longlasting nature of these effects is particularly striking, as it suggests that the neuroplastic changes resulting from repeated methamphetamine is sufficient to promote aggression even after the drug has worn off. In support of this, a single injection of methamphetamine was not sufficient to alter aggression. Interestingly, there has been little consensus on which dopamine receptors (D1 or D2) are primarily mediating aggression's rewarding effects. A seminal study utilized an operant model of aggression to investigate the precise roles of D1 and D2 NAc receptors in aggression, whereby animals were required to learn to nose-poke to gain access to a subordinate intruder (Couppis and Kennedy, 2008) . They found that D2R antagonists strongly reduced nose-poke behavior for access to an intruder mouse. While infusion of the D1R antagonist also decreased nose-poke behavior it also decreased locomotion at effective doses, making it difficult to interpret whether D1 receptors control the motivational aspects of aggression. Interestingly, the finding that D2Rs are playing a dominant role in controlling motivation for aggression may explain why antipsychotic medications, which largely antagonize D2Rs, are effective at decreasing aggression in human psychiatric patients. A related study showed that D2R, but not D1R, antagonist infusion into the NAc of abnormally aggressive lowanxiety bred rats decreases aggression (Beiderbeck et al., 2012) . Interestingly, a more recent study found that both D1R and D2R antagonists injected systemically reduced both aggression and chances of winning a fight in experienced mice, but in this scenario the D1R antagonist had a stronger effect (Becker and Marler, 2015) .
Notably, studies in flies corroborate the aforementioned findings in rodents describing a role for dopamine in promoting aggressive behavior, although the precise dynamics of dopamine in aggression differ slightly between rodents and flies. Using an intersectional genetics approach, Alekseyenko et al. (2013) altered the function of single dopaminergic neuron pairs in the fly by expressing toxins that disrupt neuronal transmission. They found that both inhibition and stimulation of a dopamine neuron cluster projecting to target regions expressing a fly correlate of D1R increased aggression, whereas identical manipulation of a different dopamine neuron cluster projecting primarily to regions expressing a fly correlate of D2R increased aggression as well as sleep/wake cycle and motor output. Therefore, dopamine in the fly may play a non-linear role in controlling aggression, with either too much or too little dopamine release disrupting the expression of normal behavior (akin to a U-shaped curve). Overall, however, similar to rodents, dopamine in the fly appears to have the capacity to modulate multiple aspects of aggressive behavior.
While many questions regarding the behavioral role of mesolimbic dopamine in controlling aggression remain to be answered, a new wave of cutting-edge functional studies in rodents utilizing cell-and circuittype specific tools have begun to more clearly elucidate the complex role of VTA circuitry in this complex social behavior. A recent study by Yu et al. (2014) investigated the role of monoamine oxidase A (MAOA), an enzyme responsible for the degradation of bioaminergic molecules like serotonin, dopamine, and norepinephrine, in driving aggressive behavior. They found that inhibition of MAOA signaling during specific developmental periods differentially affected either serotonin or dopamine effects on aggression behavior. First, researchers found that while systemic blockade of MAOA during postnatal development (P2-21) resulted in increased depression and anxiety-like behavior in adulthood, blockade during peri-adolescence (P22-48) enhanced aggression in adulthood. To parse the relative contributions of serotonin and dopamine in these processes, researchers blocked serotonin transporter (5-HTT) during peri-adolescence, which effectively increases synaptic serotonin, and found that it reduced aggressive behavior in adulthood. Conversely, blockade of the dopamine transporter (DAT) but not the norepinephrine transporter during peri-adolescence significantly increased aggressive behavior in adulthood. Further, Yu and colleagues found that their serotonergic and dopaminergic transporter perturbations during peri-adolescence resulted in opposite effects of amphetamine on ambulatory behavior in adulthood. This finally suggested to them that dopamine was primary to the effects of peri-adolescence MAOA blockade on adult aggressive behavior. Lastly, they utilized an optogenetic approach to specifically stimulate VTA dopamine cell bodies in adult animals and found that this alone increased aggressive behavior. The results of this particular experiment represent the most convincing data to date supporting the notion that dopamine dynamics in reward circuits are causally related to aggressive behavior. Future studies should aim to determine if LHb gating of VTA dopamine neuron activity through the RMTg plays a similarly causal role in stimulating aggression and aggression reward.
There is evidence to suggest that DRN serotonin may have the ability to both promote and inhibit aggressive behavior. For example, DRN serotonin and glutamate are increased during escalated aggression, and DRN injection with l-glutamate increases both phasic DRN serotonin release as well as aggression (Takahashi et al., 2015) . On the other hand, selective serotonin reuptake inhibitors (SSRIs), which elevate brain synaptic serotonin levels, decrease aggressive behavior in a manner that is dependent on serotonin signaling (Pinna et al., 2006) . Interestingly, this negative regulation of aggressive behavior by serotonin signaling appears to be both sex and age specific, as agonism of serotonin receptor signaling promotes aggression in both females and adolescents (Terranova et al., 2016; Dennis et al., 2013) . The developmental timing of serotonin receptor expression also appears to be important in mediating aggressive behavior. While developmental knockdown of serotonin 5HT 1B receptors increased aggressive behavior, impulsivity, and promoted increased NAc dopamine signaling, knockdown only during the peri-adolescence period resulted in no change in adult aggression or impulsivity (Nautiyal et al., 2015) . Rescue of 5HT 1B receptor expression in adulthood reversed increases in impulsivity but not aggression. Furthermore, 5HT 1B heteroreceptors on forebrain CAMKII-expressing neurons, rather than autoreceptors on midbrain serotonin neurons, were responsible for mediating this aggressive phenotype. Future studies must acutely manipulate the activity of specific serotonin neurons and their inputs and outputs during various developmental time periods will help to further elucidate the contribution of this neurotransmitter system on behaviors inextricably linked to aggression, namely reward and impulsivity. It is possible that only subsets of DRN serotonin neurons, namely those implicated in controlling reward, provide positive modulation of aggressive behavior, while a separate population of DRN serotonin neurons oppositely modulates aggression by altering impulsivity behaviors.
Very recently, a report by Niederkofler et al. (2016) described two small populations of molecularly defined DRN serotonin neuron subtypes that shape intermale aggressive behavior in mice. Using Pet1 as a marker of serotonergic cell type they found a subtype of Pet1 neurons expressing the D2R and another expressing the D1R during periadolescence. They confirmed dopamine's effects on these two neuronal subtypes to be consistent with previous reports, with dopamine inhibiting neurons expressing D2Rs and exciting neurons expressing D1Rs. Surprisingly, Optogenetic silencing of D1R Pet1-positive or D2R Pet1-positive neurons increased aggressive behaviors in adult male mice. However, only inhibition of D1R Pet1-positive neurons also increased overall social interaction time with a novel conspecific, suggesting that they play a more general role in social behavior and its rewarding components. Conversely, D2R Pet1-expressing neurons uniquely increased hyperactivity and impulsivity in novel environments. This behavioral difference between D1R and D2R-expressing Pet1-positive serotonin neurons in the DRN may reflect the differences in their downstream projection targets. While the D1R Pet1-positive neurons tended to project entirely to reward and aggression related brain regions like the VTA, D2R Pet1-positive neurons projected to these regions as well as regions important for the processing of sensory stimuli. The results of this investigation highlight the importance of utilizing cell-type and projection specific manipulations in awake behaving animals to elucidate the complex control that serotonin neurons exert over aggression and related behaviors. It would be interesting for future studies to determine whether these divergent populations of Pet1-positive neurons in the DRN receive overlapping or completely segregated inputs from upstream control regions like the LHb.
LHb dysfunction in psychiatric disorders
As mentioned above, there are a number of neuropsychiatric disorders where patients exhibit a high prevalence of aggressive behavior. Dysfunction of LHb circuitry has been implicated in many of these conditions, although the question of whether LHb dysfunction is causally tied to pathological aggression in these patients has yet to be addressed. In this section we will discuss evidence in both human and animal models linking LHb function to neuropsychiatric illness.
Patients with major depressive disorder (MDD) display LHb hyperactivity and increased LHb volume, which may be related to the persistent negative emotional state that characterizes the syndrome (Lecca et al., 2014) . Furthermore, deep brain stimulation (DBS) of the LHb (which is hypothesized to reduce LHb activity) in a case study of a treatment-resistant patient with MDD markedly improved depressive symptoms (Sartorius et al., 2010) . Notably, when LHb DBS was inadvertently stopped, the patient's depressive symptoms returned. This study reveals a potential causal role for the LHb in driving MDD symptoms in humans and suggests that LHb DBS could be tolerated at least in some individuals with minimal side effects. However, more clinical evidence is needed to determine if LHb DBS is a viable, effective treatment for humans with MDD or whether it might also be an effective treatment for neuropsychiatric disorders marked by heightened aggression.
Studies in rodent models of depression similarly suggest that the LHb plays a causal role in the development of depressive behaviors. DBS stimulation of the LHb was found to suppress excitatory transmission in the LHb and prevent learned helplessness, a rodent model of depressive behavior (Li et al., 2011) . In a subsequent study, Li et al. (2013) found that LHb CAMKII-β signaling in the LHb subsequently increased synaptic transmission onto LHb neurons and exacerbated depressive-like symptoms, while inhibition of LHb CAMKII-β signaling decreased synaptic transmission and promoted behavioral resilience.
Highlighting a further layer of complexity, Shabel et al. (2014) found that inputs from the entopeduncular nucleus (EPN) to the LHb corelease GABA and glutamate and suggested that changes in the balance of release between them might be important in the expression of depressive behaviors and antidepressant responses. Specifically, they found that susceptible mice in the learned helplessness model of depression exhibited a shift toward less GABA release at EPN-LHb synapses that promoted increased activation of LHb target neurons, whereas chronic treatment with standard antidepressants normalized GABA release. The apparent causal relationship between increased LHb activity and the expression of depressive symptoms in humans and animal models suggests that LHb pathophysiology may contribute to individual symptoms of MDD.
As the LHb is involved in controlling the rewarding and aversive properties of a variety of stimuli, it is perhaps unsurprising that the LHb has emerged as an important node of circuit dysfunction in drug addiction. In rodents and humans, withdrawal from drugs of abuse like cocaine have been shown to promote negative emotional states and enhance stress reactivity, often leading to relapse (Volkow et al., 2012) . Repeated exposure to drugs of abuse results in multiple circuit-level adaptations within the LHb (Meye et al., 2016 , Neumann et al., 2014 , Meye et al., 2015 , Luo et al., 2015 . Interestingly, the onset of drug withdrawal behavior is accompanied by increases in LHb excitation. As in depressive states, withdrawal from cocaine has been shown to shift the balance of GABA/glutamate co-release from EPN inputs to the LHb toward glutamate, resulting in increased activity of LHb neurons projecting to GABAergic RMTg neurons (which presumably inhibit VTA dopamine neurons) (Meye et al., 2016) . Furthermore, selective overexpression of the vesicular GABA transporter (vGAT) in this EPNLHb pathway during cocaine withdrawal rescues withdrawal-induced aversive states and suppresses stress-induced reinstatement. Neurons projecting from the LHb to the RMTg, but not those projecting to the VTA, also undergo plastic alterations in response to chronic drug exposure (Meye et al., 2015) . Repeated injections of cocaine increased surface expression of GluA2-lacking AMPA receptors in LHb-RMTg neurons, which functionally increased their excitability and promoted depressive-like behaviors. Remarkably, blocking cocaine-evoked transmission at LHb-RMTg synapses produced antidepressant-like behavioral responses, further highlighting the causal role that LHb hyperexcitability plays in promoting negative emotionality in addiction. Overall, these studies suggest that the LHb undergoes surprisingly similar pre and post synaptic adaptations in response to repeated stress and drug exposure. These results highlight a significant role for the LHb in mediating affective-like disturbances in addiction and depression, however, more work is needed to define whether the LHb controls heightened aggressive symptoms often seen in these patient populations.
Conclusions and future directions
Aggression is an essential facet of social behavior in species from insects to mammals, yet the precise circuits controlling the many facets of aggressive behavior remain unknown. Many decades of research in humans and animal models support the notion that the domination of social targets is rewarding and heavily influenced by brain regions like the VTA and the DRN, both of which are altered by upstream LHb inputs and signal reciprocally back to the LHb. In this manner, the LHb functions as a hub for the processing of valence information about various stimuli, including but not limited to stress, drugs of abuse, and social targets. While relatively few, studies directly investigating the role of LHb circuitry on aggression and its rewarding components corroborate this idea, highlighting a negative role for LHb activity in aggression. However, researchers have not yet identified specific inputs and outputs of the LHb that contribute to these behaviors. Future studies should aim to manipulate projection-specific activity of LHb outputs to the RMTg, VTA, and DRN in aggression to determine the precise role of these circuits in controlling the valence of aggressive interactions. The elucidation of these circuit mechanisms will inform treatments for psychiatric disorders for which aggressive behavior is a symptom.
Box 1 Preclinical models of appetitive aggression.
In order to appropriately study the complex neurobiological mechanisms of aggressive behavior in animals, it essential that behavioral models reflect certain components of human aggression phenotypes. The results of many preclinical aggression studies have unfortunately been limited by the use of single exposure to the resident intruder paradigm (RI), which does not clearly distinguish between aggression that is rewarding and aggression that is primarily a reaction to perceived external threats (reactive aggression) (Vitiello and Stoff, 1997) . Classically, RI consists of placing an intruder male conspecific in the home cage of the resident animal and observing subsequent aggressive behavior. This paradigm has been extensively used in species from fish to flies to rodents (Miczek et al., 2013) . When RI is repeated over multiple days, the probability of winning a fight increases with each successive victory (Oyegbile and Marler, 2005; Schwartzer et al., 2013) . Termed the "winner effect," this phenomenon is consistent with the idea that the domination of social targets is a positive experience that motivates individuals to continue expressing aggressive behavior. Therefore, while single RI exposure may be a more general model of aggression, repeated RI may more selectively model appetitive aggression than reactive aggression, although it does not necessarily fully separate the two. More recently, the adaptation of classic drug reward paradigms for the assessment of aggression reward has provided a variety of valuable tools to more precisely study motivational processes in appetitive aggression. Findings from studies utilizing these models appear to more directly corroborate the notion that fighting is rewarding for some individuals, particularly for those that repeatedly win contests. For example, dominant male mice will display conditioned-place preference (CPP) for a distinct context previously paired with a novel submissive opponent (Golden et al., 2016a; Golden et al., 2016b) , a phenotype that stably persists for at least eighteen days (Golden et al., 2016a) . In addition, socially dominant male mice that repeatedly win aggressive contests will learn to perform an operant task (lever press or nosepoke) that will give them access to attack a subordinate intruder (Fish et al., 2002; May and Kennedy, 2009; Falkner et al., 2016) , suggesting that aggression in animals can be positively reinforcing in a manner that is analogous to human instrumental aggression-seeking behavior (Elbert et al., 2010; Moran et al., 2014) . Moreover, up to 20% of mice trained in this type of operant paradigm will exhibit "addiction-like" behavior, expending high levels of effort to gain intruder access, demonstrating robust relapse to aggression-seeking, and displaying resistance to punishment-induced suppression of aggression-seeking behavior (Golden et al., 2017) . Taken together, these findings strongly suggest that neuronal circuits controlling valence and reward are playing important roles in appetitive aggression.
